Abstract Wastewater discharges associated with urbanisations, farming activities and industry may dramatically reduce the ecological health of river ecosystems. During the reconstruction of the Friuli Venezia Giulia region following the 1976 earthquake, a lot of resources were used to build large numbers of wastewater treatment plants to minimize the impact of human activities on lotic ecosystems. Their efficiency is usually assessed through monitoring of the physical and chemical environment near the discharge point. However, discontinuous monitoring of the abiotic environment may fail to detect periodic malfunctioning and do not recognize indirect effects on the ecosystem. We assessed the potential of an alternative approach to assess the impact of wastewater discharges, based on the monitoring of ostracod density, richness and community composition. We repeatedly measured physical, chemical and microbial parameters and collected ostracod samples at stations up-and downstream from wastewater discharge points scattered over a 21-km stretch of the Ledra River (NE Italy). The results indicate that monitoring ostracods is a potentially valuable approach, for two reasons. Communities appeared to be well differentiated even in the small spatial area of this study, indicating that they can provide sufficient resolution to pick up even minor impacts. Secondly, despite the seasonal succession in species composition, spatial differentiation was consistent over time, suggesting that ostracods provide a time-integrated picture of the water quality. The traditional approach failed to detect any consistent impact of wastewater discharges, apart from an ambiguous increase in nutrient levels. The density and/or richness of the ostracod communities was altered by some wastewater discharges, but not by others. We identified a general trend for wastewater discharges to systematically replace regionally rare ostracod species with common species. In particular, the species Ilyocypris inermis was very sensitive to discharges, and may be used as an indicator species for good ecosystem health.
Introduction
Urbanisations impose major stress on rivers and streams. The quantity of water and the flow regime can be altered by dams and canalisation, while the water quality is affected by diffuse and point discharges of nutrients and contaminants (Casey et al., 1993; Jordan & Weller, 1996) . To reduce the impacts of organic and inorganic pollution on the water quality of lotic systems, wastewater treatment plants (WWTPs) have been built worldwide. Today in Italy, there are about 15,600 wastewater treatment plants (most of them serving below 2,000 inhabitants), which are able to serve about 69 millions of equivalent inhabitants (Istituto Nazionale di Statistica, 2007) .
The optimisation of WWTPs is a continuous process which relies on accurate evaluation of their functioning in a specific system. This evaluation is often limited to snapshot measurements of physicalchemical variables and pollutants in the effluent (Marti et al., 2004) . It is occasionally supplemented with analytical tools for WWTP operation testing and verification, such as assessments of the oxygen transfer efficiency in the biological aeration reactor, the sludge potential settling in sedimentation tanks, the biomass quality and activity in the activated sludge reactor, the water cleaning efficiency of the plant and its energy consumption and efficiency (Goi et al., 2005) . These procedures are helpful to identify malfunctioning and capacity, but fail to demonstrate the impact on the ecosystem over time.
Biomonitoring offers a cost-efficient way to assess the real integrated ecosystem effect of pollution (Hopkin, 1993) . Biomonitoring involves the quantification of biotic parameters, such as biodiversity, changes in indicator species, variations of morphological, physiological or genetic characteristics of organisms, or concentrations of substances in organisms. By measuring biotic parameters one can assess the cumulative impact over time, and the combined effect of different organic and inorganic pollutants. This rationale is also adopted on a European scale by the EU Water Framework Directive (WFD) 2000/60/ EC. The WFD classifies surface water bodies on the basis of assessment of pressure, through analysis of biological quality elements.
The organism group targeted in biomonitoring is often determined by available taxonomic expertise and costs of sampling and analysis. Ideally, the responsiveness of a taxonomic group to changing environments should be considered. Also distribution in the study area, mobility and regeneration time are important selection criteria. Ostracoda (Crustacea) may be particularly useful for ecological monitoring purposes. Their potential as bio-indicators has long been recognized by palaeolimnologists, who infer temporal changes in the local environment from changes in the assemblages of calcified valves (De Deckker & Forester, 1988; Curry, 1999) . Also contemporary ostracods show clear associations with environmental gradients such as changes in salinity, water temperature, dissolved oxygen, total alkalinity, pH and nutrients (Mezquita et al., 1999 (Mezquita et al., , 2001 Gifre et al., 2002; Ruiz et al., 2005; Yilmaz & Külköylüoglu, 2006; Pieri, 2007; Pieri et al., 2007) .
Ostracods have not yet been the subject of routine and large-scale monitoring because of the lack of skilled taxonomists and expensive identification tools in environmental agencies and governmental institutes. Species-level identification often require dissections of minute body parts and application of scanning electron microscopy. However, in particular systems with a well documented and morphologically differentiated ostracod fauna, changes in the ostracod communities may be able to detect environmental alterations.
In this study, the environmental impact of a set of wastewater discharge points on a river system has been assessed in two ways: through measuring changes in abiotic and microbial parameters, and through monitoring the ostracod communities. Initially, we determined the potential of both approaches through comparison of their sensitivity, i.c., the degree of spatial differentiation, and their robustness, i.c., the temporal stability of the spatial differentiation. Secondly, the realized impact of discharges was assessed by comparing values at pre-and postdischarge stations, and by correlating environmental variables to the cumulative number of upstream discharge points.
Materials and methods

Study area
The study area included the whole Ledra River basin (21 km long), localized in Friuli Venezia Giulia (NE Italy; Fig. 1 ). This area lies close to the southern slope of the Giulia and Carnian Alps, north of the Tagliamento morainic hills and covers the territory of eight municipalities: Gemona del Friuli, Montenars, Magnano in Rivera, Artegna, Osoppo, San Daniele del Friuli, Buja and Majano (Moro, 2004) . The Ledra River basin includes small and medium-sized water courses, originating from perennial springs and characterized by a wide variety of habitat typologies such as lowland springs, channels and streams. The water courses experience different levels of anthropogenic impact as they cross or border urbanisations of varying sizes (16 to ca. 13,000 inhabitants).
In the last 25 years, following the earthquake of 1976, tens of WWTPs have been built in the Ledra River basin in Friuli Venezia Giulia. Most of these WWTPs were designed for small urbanisations of 50 to 13,000 inhabitants. The structure of these WWTPs is very diverse: from a simple Imhoff tank to a WWTP with primary, secondary and tertiary treatments and disinfection (Lavina, 2009 ).
Sampling and analytical methods
In the study area, 27 sampling stations were selected. Eight stations were situated in the main river course and 19 in adjacent streams. The majority of sampling stations were located in the immediate vicinity of a wastewater discharge point (18 stations), while the other nine stations allowed identification of general gradients in the river system. Most wastewater discharges were associated with WWTPs (9 WWTPs; 14 stations), and the others were associated with a fish farm (2 stations), an industrial area (1 station) or an untreated civil discharge (1 station).
All the 27 stations were visited twice, in autumn (September-October) 2008 and in spring (MarchApril) 2009. On each occasion, all stations were sampled for water and ostracods, and several ecologically relevant physical and chemical variables were measured in situ. Water samples were collected using a 1 l bottle attached to a handle. At each station, ostracods were concentrated from a volume of ca. 4 l, and collected in the available habitats (according to the size of the habitats). The samples were transported to the laboratory in a cool-box and kept refrigerated (4°C) until further analysis. Ostracod samples were collected by sweeping a hand net (mesh size: 250 lm) repeatedly close to the sediment and through the vegetation. All ostracods were collected in plastic 250-ml jars and transported alive to the laboratory. In situ we measured electric conductivity and water temperature using a CO150 conductivity meter (Hach Lange, Loveland, USA) and pH and concentration of dissolved oxygen using a HQ40D multi probe (Hach Lange, Loveland, USA). Total alkalinity, sulphate, ammonia, nitrite, nitrate, orthophosphate and active chlorine and chloride were Fig. 1 Sketch of the study area with indication of the sampling stations (black circles) and wastewater discharge points (other symbols). Stations are labelled with a number according to their distance rank from the river mouth (1-27). For station linked to a discharge point, the label also includes a code indicating the type of discharge (TP1-TP9 wastewater treatment plants, ranked according to their distance from the main river; FISH fish farm; IND industry; CIV untreated civil discharge) determined with a PC MultiDirect spectrophotometer (Lovibond Ò , Dortmund, Germany). In the laboratory, chemical oxygen demand and total phosphorus content were measured using the PC MultiDirect spectrophotometer. This device was also used to measure the absorbance at 253.7 nm, which yields a good proxy for the concentration of organic substances (APHA et al., 2005) . Total coliform bacteria and faecal coliform Escherichia coli concentrations were measured using the modified E. coli Test Procedure (USEPA, 2000) . Living ostracods were identified to species level (i.e. adults and last juvenile stages), were sorted under a binocular microscope (409 magnification) and then fixed in 70% ethanol. Both soft parts (dissected in glycerine and stored in sealed slides) and valves (stored dry on micropalaeontological slides) were used for species identification. Identification followed the taxonomy and diagnostic criteria described by Meisch (2000) .
Data analysis
The spatial differentiation between samples in abiotic conditions was assessed through Principal Components Analysis (PCA). Thirteen independent (Pearson correlations: R \ 0.7) abiotic variables and microbial parameters were included in this analysis (see Table 1 ). The euclidean distances between samples in the plain formed by the first two PC axes were used as an indicator for the abiotic differentiation between pairs of stations. Because not all environmental variables were expressed in the same units, the variable scores were standardized in ordination by dividing them with the variable specific standard deviations. The degree of biotic differentiation between samples was given by Bray-Curtis similarity coefficients (Bray & Curtis, 1957) , which were calculated using the ostracod community data. The overall biotic differentiation within the study area was summarized by plotting the Bray-Curtis similarities in a two-dimensional plot with NonMetric Multidimensional Scaling (NMDS). The consistency over time of spatial differentiation was assessed with the Relate test. This rank test correlates two dissimilarity matrices, and derives a significance value for the level of relatedness from a comparison with matrices created from randomly permuted samples. Similarly, the dissimilarity matrices were related to a distance matrix that contained, for each pair of samples, the effective geographic distance between them (distance along waterway, as approximated in Google Earth Ò ). Analysis of Similarity (ANOSIM), the non-parametric analogue of ANOVA, was used to compare ostracod communities and abiotic environments between samples taken from the Ledra River itself and samples collected in the tributaries, and between samples taken immediately upstream and immediately downstream of wastewater discharge points.
Univariate seasonal changes (abiotic variables, microbial parameters and richness and density of ostracods) and effects of wastewater discharges were assessed by paired t-tests comparing the autumn 2008 and spring 2009 values, and the values at pre-and post-discharge stations, respectively. Pearson correlations were calculated for all environmental variables, the distance to the river mouth (Google Earth Ò ) and the number of upstream discharge points. The significance of univariate differences between stations in the Ledra River and stations in the tributaries was assessed with t-tests for independent samples.
All data were logarithmically transformed where necessary to obtain normal distributions (Kolmogorov-Smirnov test), except the ostracod species densities used for the NMDS, which were square root transformed. PCA sample scores were calculated in Canoco version 4.5 (ter Braak & Š milauer, 2002). Bray-Curtis similarities, NMDS sample scores, Relate tests and ANOSIM tests were calculated in Primer version 5.0 (Clarke & Warwick, 2001 ). All parametric tests were computed with Statistica version 9.0 (StatSoft, Inc., 2009).
Results
Abiotic (and microbial) environment
Spatial and temporal patterns
The differentiation amongst abiotic environments of the sites in 2008 and 2009 has been summarized in two PCA biplots (Fig. 2a, b) . The first axis explains from 71% (2008) The 2008 and 2009 matrices of Euclidean distances between sample pairs in the PCA biplots did not relate to each other (Relate test: R = 0.05, P = 0.19), indicating that the multivariate differentiation amongst stations in abiotic environments was not consistent over seasons. Paired t-tests revealed significant seasonal increases in pH, dissolved oxygen, calcium carbonate, and chloride (Table 1) . On the other hand, temperature, conductivity, and phosphate and E. coli concentrations were significantly lower in spring 2009 than in autumn 2008.
The abiotic differentiation amongst stations was not significantly correlated to geographical distances (Relate tests: R \ 0.11, P [ 0.08). This indicated that the location of a site was not the primary determinant of its abiotic environment within the 21 km stretch of the Ledra River basin. Some abiotic variables did show a correlation to the distance from the main river, the Tagliamento. Sulphate concentrations decreased along this distance gradient in 2008 (Pearson correlation: R = -0.66, P = 0.0002), but this gradient was not significant in 2009 (R = -0.34; P = 0.078). A strong and temporally stable gradient along the river distance gradient was observed for conductivity (R \ -0.49, P \ 0.008); both in 2008 and 2009, conductivity values were higher at the downstream than at the upstream stations.
There was no multivariate differentiation in abiotic environments between the stations in the Ledra River and those in the tributaries (ANOSIM test: R \ 0.07, P [ 0.30). However, the Ledra River differed from the tributaries in conductivity and calcium carbonate concentrations. In the tributaries, conductivity values were on average about 100 lS cm -1 higher than in the Ledra River in both sampling years (unpaired t-tests: t [ 2.5, P \ 0.017). Also, calcium carbonate concentrations were higher in the tributaries than in the Ledra River (2008: 282 ± 36 vs. 209 ± 27 mg l -1 ; 2009: 316 ± 23 vs. 276 ± 23 mg l -1 ; t [ 2.0; P \ 0.05).
Effects of discharges
A comparison of the abiotic environments of stations immediately upstream of discharge points with those of downstream stations indicated that there was no general effect of wastewater discharges in both years (ANOSIM test: R \ 0.02, P [ 0.46). Pairwise t-tests comparing values for pre-and post-discharge stations indicated a minor effect of wastewater discharges on the concentrations of sulphate (t = 2.5, P = 0.04) and Escherichia coli (t = 2.5, P = 0.04). In 2008, sulphate and E. coli concentrations increased after all discharge points that were sampled both before and after, except after the fish farm (sulphate) and the WWTP of Rivoli di Osoppo (sulphate and E. coli). This WWTP serves only 400 inhabitants, while the others treat the water of 2,000-13,000 inhabitants. After excluding this small WWTP and the fish farm from the paired comparison, then the significance levels were higher, despite the Table 2 loss of statistical power (sulphate: t = 4.9, P = 0.005, E. coli: t = 3.5, P = 0.017). However, the differences were still not significant after correction for multiple testing (Bonferroni correction: P [ 0.05), and they were absent in 2009. The cumulative effect of multiple wastewater discharges was analysed by correlating values of abiotic variables with the number of upstream discharge points. After the Bonferroni correction, only sulphate concentrations remained significantly correlated to the number of upstream discharge points, for both years (R = 0.57, P = 0.024). However, the cumulative number of discharge points was strongly correlated with the distance to the river Tagliamento (R = 0.58, P = 0.002), which was correlated with sulphate concentrations in 2008 (2008: R = 0.66, P \ 0.001; 2009: R = 0.35, P = 0.078). Therefore, it is not clear if the sulphate gradient was a direct result of cumulating wastewater discharges, or rather connected to another spatial gradient.
Ostracod community
Spatial and temporal patterns
A total of 18 species (1947 identifiable individuals) belonging to three families (Candonidae, Ilyocyprididae and Cyprididae) were identified (Table 2) . On average 2.6 species were found per sample, with a maximum of six species. The most common species were the cosmopolitan Herpetocypris reptans (27 samples) followed by Prionocypris zenkeri (17 samples) and Cypria ophtalmica (15 samples; Table 2 ). Overall, densities of ostracods were low (max. 384 ind. per sample, mean: 36 individuals per sample). Ostracod richness and density were significantly lower in spring 2009 than in autumn 2008 (paired t-tests: richness: t = 3.1, P = 0.005; density: t = 2.4, P = 0.025). Ilyocypris bradyi, Bradleycypris sp., Potamocypris zschokkei, and P. variegata were only found in autumn samples, while Cyclocypris laevis was only found in four spring samples, but not in autumn. Despite these seasonal changes, the pattern of spatial differentiation in ostracod community structure was consistent over the two years (Relate test: R = 0.38, P \ 0.0001; Fig. 2c, d ).
Ostracods were absent in 11 samples (18.5%), three samples in 2008 and eight samples in 2009. Even after deleting these samples, the similarity between samples in the ostracod community was low (average values of Bray-Curtis similarity coefficient were only 18.8% in 2008 and 15.8% in 2009) . This indicated an explicit spatial differentiation in community structure. The pairwise similarity in community structure did not correlate to the distances between stations (Relate tests: R \ 0.27, P [ 0.29 for 2008 and 2009). Neither did we observe a significant difference in composition between the communities from the Ledra River and those from the tributaries (ANOSIM test: R \ 0.13, P [ 0.13). In addition, richness and density of ostracods were not correlated to the distance to main river (Pearson correlations: P [ 0.05).
Effects of discharges
We found no differences in ostracod community structure when comparing pre-and post-discharge stations (ANOSIM: R \ 0.02, P [ 0.38). Wastewater discharges did not consistently affect the richness nor the density of the ostracod communities (paired t-tests: t \ 0.41, P [ 0.49). In 2009, the density of ostracods was negatively correlated with the number of upstream discharge points (R = -0.40, P = 0.040). The number of upstream discharge points correlated to the distance from the river, but this distance did not relate to the density of ostracods. However, the effect of cumulating discharge water on ostracod density was insignificant in 2008, as well as in 2009, after correction for multiple testing. The commonness of species within the set of samples correlated positively to the degree of association with downstream samples (Fig. 3; Pearson correlation: R = 0.51, P = 0.032). Ilyocypris inermis was present in six samples taken upstream of a discharge point, but was absent in all the samples taken downstream of wastewater discharge points. When removing this relatively uncommon species, the above correlation was more significant (R = 0.69, P = 0.002). One species, Candona candida, was particularly associated with samples taken downstream of discharge points (59 vs. 19 in upstream samples).
Discussion
The sampling scheme applied in this study was designed to compare the potential of two approaches to detect environmental impacts of wastewater discharges in a lotic system. The first approach involved the more traditional monitoring of physical and chemical variables and microbial parameters, and the second involved the monitoring of ostracod communities. Our results indicated that monitoring ostracods is a potentially valuable approach, for two reasons. First of all, ostracod communities appeared to be well differentiated even over the small spatial scale of this study, indicating that a local change in the environment can be picked up by these communities. Although ostracod communities changed over seasons, the changes were consistent across the study area, resulting in a stable spatial differentiation. This suggested that ostracods provide a time-integrated picture of environmental status, implying that even a discontinuous monitoring allows the detection of single discharge events. On the contrary, the physical, chemical and microbial parameters reflected mainly the distance gradient to the river mouth, and the overall spatial differentiation was less pronounced and not temporally consistent. Therefore, the traditional approach may not be suitable to detect minor impacts, and a continuous monitoring may be needed to detect short-term failures of the WWTPs.
The multivariate comparison of ostracod assemblages failed to demonstrate a consistent effect of wastewater discharges. This can be related to the strong spatial differentiation of the assemblages (each stream appears to have a particular species pool) and to the fact that the discharges differed substantially in Fig. 3 Scatterplot showing the correlation between the commonness of species (total number of samples in which a species was found) and their degree of association with post-discharge samples (calculated as the difference between the number of presences in the samples taken immediately up-and those taken immediately downstream of a wastewater discharge point). The white circle is for Ilyocyris inermis, a relatively common species in the river basin that was found exclusively in samples taken upstream of wastewater discharges. Species are coded as in Table 2 nature and size. Some WWTPs were very small (only a few inhabitants served), and the treatment process was optimized for each individual WWTP. In addition, the study area comprised not only WWTPs, but also an industrial site, a discharge of untreated civil wastewater and a fish farm. Only when making abstraction of the species identity, and instead comparing common and rare species, could a statistically consistent impact of discharges be found: regionally rare species were from the communities. Similarly, Külköylüoglu (2004) observed that cosmopolitan ostracod species were predominantly present in disturbed freshwater sites in Turkey, and almost absent in undisturbed sites. In our study, the most sensitive species was Ilyocypris inermis, which was absent in all the samples taken downstream from wastewater discharges, but present in six upstream samples. This species was found in the Turkish study, and was also absent in the disturbed sites. According to Meisch (2000) , I. inermis prefers springs or water connected to springs and we can consider this species as an indicator of good water quality. Our sampling survey was not specifically designed to detect pressures by individual discharge points, as there was no spatial replication to do so. However, we could observe some impacts of single discharge points that were consistent over time. A previous quality assessment of the Ledra River basin, based on analyses of the macro-invertebrates, revealed that the most heavily impacted area is the channel coming from an industrial site near the river mouth (stations 4-TP1 and 2-TP1; Moro, 2004) . This has been confirmed by our study, as it is one of the few places where we did not find any ostracods. Also the fish farm seems to affect the biological communities. In the samples collected immediately after the fish farm discharges, ostracod density and richness were, respectively, about 20 times and 2-3 times higher than in the samples collected upstream of the fish farm, probably due to a nutrient enrichment. In another study, a coastal fish farm was observed to negatively impact ostracod density (Mazzola et al., 2000) . Taken together, the studies suggest that ostracods can be used as indicators for organic pollution, but that the response cannot be generalized and probably depends on the composition of the local ostracod community and the type and magnitude of the pollution source.
The power to detect impacts on biotic communities depends not only on sensitivity of the species, but also on density of the populations and richness of the communities. The study was conducted in the urbanised region of Friuli Venezia Giulia, which is known to contain more than one-third of all Italian ostracod species, although it covers only 2.6% of the country's territory (Pieri et al., 2009) . This was the first study documenting the ostracod fauna of the Ledra River basin, and 18 species could be identified. This is comparable to the 17 species found in the Slack river basin in Northern France, where density changes could be related to changes in the water quality (Milhau et al., 1997) . In our study, the alpha diversity was very low (most samples contained only 2-3 species), and prevented us from detecting subtle impacts. Ostracods of lentic water bodies are usually more diverse (Mezquita et al., 2001; Külköylüoglu, 2004) , and may, therefore, be more suitable for biomonitoring.
Our study is one of the few that have examined the relationship between ostracod community composition and water quality parameters in lotic ecosystems. Previous studies did not directly monitor the impact of identifiable sources of pollution, but related variations in ostracod community structure to spatial variations in ecological conditions. This approach successfully identified indicator species or species assemblages for specific ecological conditions, which could be linked to the water quality of the site. A multivariate analysis of ostracod assemblages and abiotic conditions of sites within the Slack river course (France) allowed the identification of ostracod species combinations typical of disturbed and undisturbed sites for this region (Milhau et al., 1997) . Using a similar approach, disturbed water bodies (including creeks and springs) in the Bolu region (Turkey) were found to contain a disproportionally large number of cosmopolitan, wide tolerance range ostracod species (Külköylüoglu, 2004) . In a complex of lotic and lenthic water bodies, the Empordà Wetlands (Spain), ostracod indicator species were found for different levels of eutrophication, human impact and salinity fluctuations (Gifre et al., 2002) . Finally, Mezquita et al. (2001) could relate the ostracod species composition in Mediterranean brooks (Valencia, Spain) to variations in the ionic composition of the water.
Conclusion
The repeated assessment of abiotic and microbial environmental parameters failed to demonstrate a clear impact of wastewater discharges in the Ledra River basin. Analysis of the biotic data suggested that this should not be interpreted as evidence for a perfect functioning of the waste water treatment plants, but as an argument against the discontinuous monitoring of water quality through (chemical) analysis of water samples. Our data supported the monitoring of ostracod communities to assess changes in water quality in general, and wastewater discharges in streams in particular. In the Ledra River basin, an environmental impact of wastewater discharges was suggested by the disproportionally low number of regionally rare species immediately downstream of discharge points (i.e. Bradleycypris sp. and Potamocypris variegata). The potential of the biotic approach was further stressed by the high degree of spatial differentiation in ostracod communities, which was consistent over seasons. This indicated that the approach may be valuable to detect even local and short-term malfunctionings of wastewater treatment plants.
